Abstract. In recent years, a large number of papers have reported the response of the cusp to solar wind variations under conditions of northward or southward Interplanetary Magnetic Field (IMF) Z-component (B Z ). These studies have shown the importance of both temporal and spatial factors in determining the extent and morphology of the cusp and the changes in its location, connected to variations in the reconnection geometry. Here we present a comparative study of the cusp, focusing on an interval characterised by a series of rapid reversals in the B Z -dominated IMF, based on observations from space-borne and ground-based instrumentation. During this interval, from 08:00 to 12:00 UT on 12 February 2003, the IMF B Z component underwent four reversals, remaining for around 30 min in each orientation. The Cluster spacecraft were, at the time, on an outbound trajectory through the Northern Hemisphere magnetosphere, whilst the mainland VHF and Svalbard (ESR) radars of the EISCAT facility were operating in support of the Cluster mission. Both Cluster and the EISCAT were, on occasion during the interval, observing the cusp region. The series of IMF reversals resulted in a sequence of poleward and equatorward motions of the cusp; consequently Cluster crossed the highaltitude cusp twice before finally exiting the dayside magnetopause, both times under conditions of northward IMF B Z . The first magnetospheric cusp encounter, by all four Cluster spacecraft, showed reverse ion dispersion typical of lobe reconnection; subsequently, Cluster spacecraft 1 and 3 (only) crossed the cusp for a second time. We suggest that, during this second cusp crossing, these two spacecraft were likely to have been on newly closed field lines, which were first reconnected (opened) at low latitudes and later reconnected again (re-closed) poleward of the northern cusp.
Introduction
The cusp is commonly regarded as that region of the magnetospheric cavity where solar wind plasma has direct access to the upper atmosphere. It is widely accepted that cusp dynamics are highly influenced by the nature of the interaction of the solar wind with the magnetosphere, especially in terms of reconnection between the Interplanetary Magnetic Field (IMF) and the geomagnetic field. Both observations and theoretical modelling indicate that the site of magnetic reconnection is principally determined by the polarity of the IMF. Generally, reconnection on the dayside occurs inIMF conditions, whereas for steadily northward IMF, reconnection can take place between the IMF and the field lines of the tail lobe (Dungey, 1963; Russell et al., 1972; Burch et al., 1980; Reiff et al., 1980; Cowley et al., 1981 Cowley et al., , 1983 Lockwood et al., 1999; Milan et al., 2000) . Low-latitude reconnection (hereafter used to refer to reconnection near the sub-solar magnetopause) during southward IMF differs from the lobe reconnection for northward IMF mainly in the fact that, as discussed by Lockwood and Moen (1999) , the former generates open flux, whereas the latter reconfigures flux which is already open. Recent work, however, reveals the actual situation to be far more complex than this idealistic description would suggest. Low-latitude reconnection can sometimes continue after the IMF has turned northward (e.g. Freeman et al., 1993; Onsager et al., 1994; Scurry et al., 1994a, b; Phan et al., 1996; Fuselier et al., 1997; Chandler et al., 1999) . Moreover, lobe reconnection may also take place for some time after the IMF has turned southward (McCrea et al., 2000) . Low-latitude and lobe reconnection have been reported to occur simultaneously under B Y -dominated IMF conditions (Wing et al., 2001) , and during intervals of variable IMF B Z (Pitout et al., 2002) . Dual lobe reconnection, identified by either distinctive auroral and ionospheric convection signatures (Imber et al., 2007) or from satellite observations (Bogdanova et al., 2005) , has been observed during periods of steadily northward IMF.
The cusp exhibits characteristic features depending on the location of the reconnection site. Under southward IMF conditions, the cusp ion flux exhibits "typical" energy dispersion, in that its peak energy decreases with increasing latitude; this is generally interpreted as evidence of magnetosheath plasma entry following reconnection. Field lines, newly opened at low latitudes, are swept poleward with the magnetosheath flow, driving anti-sunward high-latitude ionospheric plasma convection. Transient ionospheric signatures of low-latitude reconnection during southward IMF are observed to move poleward in the cusp/cleft region, entrained in the anti-sunward flow (Lockwood et al., 1998) . Under steadily northward IMF conditions, "reverse" ion dispersion signatures are observed in the cusp Reiff et al., 1980; Woch et al., 1992) ; these are understood in terms of the expected lobe reconnection, occurring poleward of the cusp. In such a scenario, the plasma convection in the cusp is sunward, as discussed by Phan et al. (2005) . Maezawa et al. (1976) provided the first observational evidence of such sunward flow in the polar cap during lobe reconnection, using ground-magnetometer observations. Milan et al. (2000) have since presented SuperDARN HF radar observations of sunward convection in the cusp/cleft region under northward IMF conditions.
The latitudinal position of the cusp is reported to vary with the orientation of the IMF. Statistical work (e.g. Newell et al., 1989; Pitout et al., 2006) suggests that the effect of the IMF B Z component on the cusp's latitudinal location outweighs that of the other two components. A plausible explanation for this is magnetic reconnection; the Z component of the IMF controls the site on the magnetopause where magnetic reconnection takes place, and thus directly affects the latitudinal location of the cusp. This hypothesis also provides an explanation for the fact that the cusp generally lies further equatorward when the IMF B Z component is negative, and that it moves back and forth in latitude when the IMF B Z component changes its orientation. McCrea et al. (2000) reported a case in which the cusp was observed to move equatorward in response to a southward turning of the IMF B Z component, whilst poleward motion of cusp has been observed in the case of a northward turning (Pitout et al., 2001) . How the cusp reacts to changes of the IMF from southward to northward, or vice versa, is currently a topic of great interest (Bogdanova et al., 2007; Hu et al., 2008; Escoubet et al., 2008) . Additionally, "triple" cusp crossings, observed by Cluster have been reported, and explained in terms of the motion of a single cusp due to either changes in the azimuthal component of the solar wind (Zong et al., 2004) or oscillations of the magnetosphere (Zong et al., 2008) .
While cusp behaviour during southward IMF conditions has been extensively reported, there has recently been increased interest in the cusp under northward IMF (Maynard et al., 2000; Pryse et al., 2000a, b, c; Pitout et al., 2001; Lavraud et al., 2002 Lavraud et al., , 2004 Bogdanova et al., 2005; Hu et al., 2008) , particularly in case studies which combine spacecraft and ground-based facilities. In the present paper, satellite observations are combined with ground-based radar measurements during an interval characterised by multiple rapid IMF B Z reversals, in a bid to investigate IMF B Z control of the cusp.
Observations
During the interval extending from 08:00 to 12:00 UT on 12 February 2003, Cluster was flying sunwards from the magnetotail, towards apogee on the dayside; the Cluster spacecraft 4 (SC4) was leading the tetrahedral configuration whilst spacecraft 3 (SC3) lagged behind at distance of about 6000 km, as shown in Fig. 1 . The radars of the EISCAT facility were operating in support of Cluster, in their so-called Cluster-mode. In this mode, the steerable ESR 32 m radar and the EISCAT mainland VHF radar, located at Tromsø, were both directed poleward at low elevation (30 • ) with azimuths of −24 • and −0.5 • , respectively. Note that the 42 m dish of the EISCAT Svalbard Radar (ESR) at Longyearbyen is fixed such that it points permanently in the field-aligned direction. The configuration of the EISCAT radars is shown in Fig. 2 , on which the magnetic ground track of Cluster, mapped along the field lines of the Tsyganenko 96 model (Tsyganenko, 1995) is also marked at 30-min intervals starting at 08:00 UT. The spacecraft map to a location slightly poleward of Longyearbyen, and their footprints are predicted to intersect with the ESR 32 m radar beam at around i n t e r -s p a c e c r a f t s e p a r a t i o n @ 0 9 : 0 0 UT S C4 -S C3 1 . 1 2 Re S C1 -S C3 1 . 0 9 Re S S 2 -S C3 1 . 0 9 Re Fig. 1 . Illustration of the Cluster orbit in the X-Z plane of the GSE coordinate system during the interval extending from 08:00 to 12:00 UT on 12 February 2003. The 4-spacecraft configuration is also shown in the figure, with the inter-spacecraft distances multiplied by a factor of 3 for clarity (SC1: black; SC2: red; SC3: green and SC4: magenta). The magnetospheric field lines are also displayed for guidance.
11:00 UT. Overpasses of two of spacecraft of the DMSP fleet, F13 and F14, are also displayed in Fig. 2 , as red and green lines respectively. The trajectory of DMSP F13 during the interval 09:50 to 09:54 UT and that of F14 from 09:28 to 09:30 UT are highlighted as thick line segments, these being the times at which the spacecraft map to locations close to Svalbard. Black arrows indicate the directions of flight of Cluster and the DMSP spacecraft.
Solar wind and IMF observations
Figure 3 presents solar wind and IMF observations from both ACE (in red) and Wind (in blue) from 08:00 until 12:00 UT on 12 February 2003, which are lagged to the nose of the bow shock (obtained from NASA OMNIWeb). Solar wind dynamic pressure is presented in the uppermost panel (a). The three components of the IMF, in GSM coordinates, are shown in panels (b) to (d). The lower panel (e) presents the IMF clock angle, θ, defined as (Pryse et al., 2006) ,
θ values less than 90 • represent positive B Z and θ greater than 90 • denotes southward IMF. The reader should remember that an additional time shift, relative to the calculated solar wind transit time, must be added in order to obtain the time at which these solar wind effects are experienced in the magnetosphere and ionosphere. This additional delay is to allow for the propagation of solar wind effects across the magnetosheath -we use a value of four minutes, based on the work of Khan and Cowley (1999) -and the effective Alfvén travel time from the magnetopause to the ionosphere -a further two minutes, (Khan et al., 1999) . These delays actually depend on factors such as IMF B Y and B X orientation and, in reality, any predictions for the timings of IMF effects in the magnetosphere and ionosphere are only likely to be accurate to within about five minutes. In the following discussion, we adopt the convention that the timings given for changes in the IMF are those at the nose of the bow shock, and point out where additional delays should be added to compare with the responses seen by Cluster and the ground-based radars.
The solar wind and IMF components from the Wind and ACE spacecraft, shown in Fig. 3 , are basically consistent with each other. During this interval, ACE was located at around (222.5, −40, 9.1) R E , whilst Wind was around (195.6, −4.9, −15 .2) R E . Thus solar wind observations from Wind are employed in the present study, due to its shorter distance to the Earth and closer location to the Sun-Earth line. by ACE, the solar wind dynamic pressure monitored by both spacecraft increased nearly by a factor of two (panel a). The third IMF B Z turning, back to a southward orientation, occurred at around 10:18 UT, albeit more slowly than the two previous turnings. Subsequently, after having been southward for nearly 50 min, the B Z component turned rapidly northward, for a second time, near 11:08 UT. The IMF B Y component was predominantly negative prior to 10:15 UT and positive thereafter. Over the majority of the interval, the IMF was dominated by its B Z component. The K p geomagnetic index was no higher than 3 throughout the interval.
Cluster spacecraft
Cluster data during the interval 08:10 to 11:30 UT are shown in Fig. 4 . The top panel of Fig. 4 presents the magnetic field inclination (I B ) from the FGM instrument (Balogh et al., 1997 (Balogh et al., , 2001 ) on all four Cluster spacecraft (SC1: black; SC2: red; SC3: green and SC4: magenta). The second panel presents the corresponding ion density from CIS ) for SC1, SC3 and SC4 (the CIS instrument is not operational on SC2). The remaining 6 panels illustrate electron spectrograms from PEACE and ion spectrograms from the CIS instruments on Cluster SC4, SC1 and SC3, respectively. The PEACE differential electron energy flux shown is that parallel to local magnetic field. The CIS data from SC1 and SC3 are from the HIA experiment, whereas those from SC4 are from CODIF, since HIA does not work on that spacecraft. The CODIF instrument provides the mass per charge composition with an angular resolution of 22.5 • ; HIA does not provide mass resolution but has a better angular resolution . Note that whereas the CIS-HIA data presented in this paper are from all ions, the CODIF data are from the H + ions (i.e. protons) only. Vertical lines indicate the times at which the IMF B Z reversals are expected to reach Cluster: an additional four minutes is included relative to the transit time to the bow shock included in the OMNIWeb data.
Cluster spacecraft 4
Observations from SC4, which led the Cluster formation and cut deeper into the cusp and dayside magnetosphere, are selected to first illustrate the successive regions crossed by Cluster during the interval of interest. Initially, Cluster SC4 was in the northern lobe characterised by a low ion density, ∼0.01 cm −3 , and low plasma β ∼ 10 −3 (not shown). At around 08:32 UT, SC4 entered the high-altitude cusp, evidenced by an increase in plasma density (up to 15 cm −3 ) and the presence of typical magnetosheath-like ion fluxes (∼100 eV-1 keV) in the CIS data. Cusp entry was also fairly clear in the PEACE data, corresponding to an enhancement in the electron fluxes with energies from tens to several hundred eV. Entry into the cusp was less recognisable in the FGM data, as the magnetic field strength was continuously decreasing during this period, although there was a corresponding increase in the level of magnetic field fluctuations. At the poleward edge of the cusp, CIS detected downwardmoving H + ions, with V Z ∼ −150 km/s in the GSM coordinate system. Inside the cusp, CIS observed a number of ion injections, displaying a hint of reversed ion dispersion, whereas PEACE observed relatively steady electron fluxes, typical of cusp populations (Lavraud et al., 2004; Bogdanova et al., 2006) . Plasma convection remained weakly tailward, with V X ∼ −30 km/s, throughout the initial period of northward IMF.
The cusp crossing by Cluster SC4 lasted for a period of about 40 min, the spacecraft exiting the cusp at around 09:17 UT after the first IMF southward turning. After this southward turning, the equatorward edge of the cusp might be expected to move to lower latitude; the motion of Cluster SC4 along its track meant, however, that it would inevitably cross into the high-latitude dayside closed field line region (see Fig. 1 ). The exit of SC4 from the cusp proper was identified by a reduction in the magnetosheath-like particle fluxes which, although clear in the PEACE observations, was somewhat less clear in the CIS data. Between 09:20 and 09:50 UT, after having exited the cusp, SC4 flew through a region characterised by relatively low fluxes of both ions and electrons. This region would appear to represent the development of a boundary layer on the equatorward edge of the cusp, during southward IMF conditions, having lower flux and higher ion temperature and perhaps marking the open-closed field line boundary (OCB).
Subsequently, at 09:50 UT, SC4 encountered a region marked by the clear presence of magnetospheric-like ions. At this time, the ion temperature was greatly enhanced, from about 700 eV to 4 keV. Within this region, the electrons, as measured by PEACE, were primarily of magnetosheath-like energies, implying that SC4 was likely to be still in the boundary layer. The second IMF reversal (back to northward) was expected to reach SC4 around 09:51 UT, after the spacecraft had entered into the region of dayside closed field lines. As we have already noted, a strong increase in the solar wind dynamic pressure occurred around the time of this second reversal, back to IMF north.
Many transient events were observed before SC4 finally crossed the magnetopause into the magnetosheath at around 11:02 UT. The majority of these occurred at a time which coincided closely with the second cusp encounter by Cluster SC1 and 3 (we will discuss this in detail later), after the dynamic pressure increase. They could, therefore, have resulted from a compression of the magnetosphere, which would have had the effect of moving the magnetopause boundary inwards such that SC4 moved nearer to the outer cusp boundary.
It should be noted that the response of the high-latitude and exterior cusp region is likely to be different from the low-altitude cusp and ionospheric response (see Sect. 2.3). Dayside reconnection is expected to widen the cusp throat, while compression may move it to lower latitudes (Pitout et al., 2006) . SC4 therefore appeared to sample a predominantly spatial sequence during its traversal, crossing the poleward cusp boundary during stable northward IMF conditions and crossing the equatorward cusp boundary (OCB) during southward IMF conditions.
Cluster spacecraft 1 and 3
Cluster SC1 and SC3 entered the cusp later than SC4 by around 20 and 30 min, respectively. Thus, the first IMF southward turning occurred while SC1 and SC3 were located near the poleward edge of the cusp. When within the cusp, these spacecraft initially observed distinct ion injections clearly exhibiting reversed dispersion, indicating that a site of magnetic reconnection was located poleward of the spacecraft. Unlike that of SC4, the cusp exits of SC1 and SC3 were far from clear in the CIS data, since these spacecraft observed temporal as well as spatial changes. At these times, however, PEACE observed clear reductions in the flux of magnetosheath-like electrons, accompanied by a progressive decrease in the mean electron energy. Both SC1 and SC3 appeared to enter the inner boundary layer at around 10:36 UT, so it is likely that they crossed the equatorward cusp boundary under southward IMF conditions.
Cluster particle observations between 09:40 and 10:30 UT suggest that SC1 and SC3 crossed quite different regions from SC4 during this interval. In particular, a different cusp configuration was crossed by SC1 and SC3 from 10:05 to 10:30 UT, following the IMF northward rotation near 09:51 UT. We refer to this region as the cusp because typical magnetosheath-like ion and electron fluxes were detected inside, with a high plasma density, up to 30 cm −3 . This region was encountered by the spacecraft after the solar wind dynamic pressure had increased by a factor approaching two, as mentioned above; this pressure increase was expected to reach Cluster at around 09:34 UT. We can attribute the cusp entry of SC1 and SC3 to the resultant compression of the magnetosphere, moving the magnetopause inwards so that these spacecraft, like SC4, effectively moved out into the exterior cusp region during the period of northward IMF.
Unlike in the earlier cusp encounter around 09:00 UT, ion dispersion signatures were absent and the particle fluxes remained fairly consistent throughout this region. In addition to a magnetosheath-like population, magnetosphericlike ions were also detected, suggesting that the cusp was likely to be on closed field lines. As noted above, the cusp entry at 10:05 UT was under northward IMF conditions, when the cusp boundary was likely to be moving to higher latitudes. At around 10:27 UT, both SC1 and SC3 exited the cusp into the cusp/dayside plasma sheet boundary layer (DPSBL) during southward IMF, a region characterized by the presence of field-aligned bi-directional streaming electrons of 20-500 eV (not shown). In this region, the ion temperature was relatively low (<1 keV). The inner boundary layer of the dayside plasma sheet was encountered at ∼10:36 UT, indicated by a sharp enhancement of ion temperature (up to 5 keV) and a reduction in the flux of magnetosheath-like ions.
Prior to the second cusp crossing, during the interval extending from 09:40 to 10:05 UT, SC1 and SC3 traversed a region similar to the cusp in character. At about 09:43 UT, magnetospheric-like electrons (>1 keV) were observed by the PEACE instrument. The inclination of the magnetic field reduced at around 09:45 UT in association with a transient decrease in field magnitude. In this region, a high ion density, up to 20 cm −3 , was detected, as well as the presence of magnetosheath-like ions with no obvious signatures of dispersion. In contrast to that associated with the two previously mentioned cusp encounters, the ion temperature in this region showed no notable variations, however, the magnetosheath-like electron population was slightly colder, with energies no higher than 100 eV.
The Cluster SC1 and SC3 observations before 10:05 UT were indicative of temporal variations occurring on the poleward side of the high-altitude cusp; the spacecraft only encountered the equatorward cusp boundary some time after the second IMF reversal, back to northward IMF. We infer that, due to the different orientations of the polar and equatorward boundaries of the high-altitude cusp region, SC1 encountered the poleward boundary earlier than SC3, whereas both spacecraft (SC1 and SC3) crossed the equatorward cusp boundary and entered the dayside plasma sheet boundary layer at almost the same time.
Near 11:18 UT, all Cluster spacecraft crossed the magnetopause, and subsequently sampled a sharp solar wind discontinuity, as indicated by the abrupt rotation in the B X and B Z components sampled by FGM. The normal direction derived using the Minimum Variance Analysis (MVA) technique (Sonnerup et al., 1967) applied to FGM data from SC1 yields n=(0.690; 0.123; 0.713) in GSM coordinates, which we expect to be close to the magnetopause orientation. The application of the Planar Discontinuity Analysis Method to the magnetic field time series gives an average normal speed of ∼70 km/s. velocity data) with a further six minutes added to allow for propagation of solar wind effects across the magnetosheath and down to the ground.
ESR and EISCAT VHF radars
During interval (1), characterised by northward IMF, the ESR 32 m dish observed a low-density F-region with little obvious structure, while the 42m dish measured typical Fregion densities of around 3 × 10 11 m −3 and electron temperatures around 2500 K. The velocity measurements made by the ESR 32 m and EISCAT VHF radars suggest that convection was primarily sunward. At this time, the Cluster observations confirmed that the cusp was located poleward and geographically eastward of Svalbard, and was not intersected by any of the EISCAT beams. Thus, EISCAT observed sunward convection equatorward of the cusp, on closed field lines.
During interval (2), following the southward turning in B Z , the electron density observed by both ESR antennas increased significantly, and a series of poleward-moving density structures was detected by the 32 m dish, consistent with the idea that field lines, reconnected at low latitudes under B Z southward conditions, were being convected antisunward through the polar cap. A marked increase in electron temperature was measured by the ESR 42 m dish near 09:30 UT, which we suggest to be the signature of the OpenClosed field line Boundary (OCB) as it expanded over the radar (Lockwood et al., 2005) . This inference is supported by an intensification in the anti-sunward convection observed by the ESR 32 m radar (panel d) and the presence of an expanding region of anti-sunward flow detected by the Tromsø VHF radar (panel e). Around 09:46 UT, a second sharp electron temperature boundary (this time a reduction) was observed by the ESR 42 m radar, suggesting that the cusp precipitation had either ceased or had moved to a location equatorward of the radar; the IMF B Z continued to be strongly southward.
The convection measured by the Tromsø VHF radar (panel e) responded quickly to the northward turning in the IMF at the start of interval (3), although poleward-moving density structures continued to be seen in the ESR 32 m data as fossil remnants of earlier (southward IMF) reconnection events (panel a). A second distinct electron temperature increase was observed by the ESR 42m radar (panel c) at 10:06 UT, which can be interpreted in terms of the region of cusp precipitation crossing back over Svalbard in response to the northward turning in IMF B Z . By the end of interval (3) poleward-moving density structures were no longer observed by the ESR 32 m radar (panel a), cusp-type density enhancements were no longer detected by the ESR 42 m dish (panel b), and the convection measured by the ESR 32m (panel d) and Tromsø VHF radars (panel e) had become dominated by sunward flow, all as expected for B Z north conditions.
Interval (4), following the second southward turning in B Z , was comparable with interval (2) in that polewardmoving density structures reappeared in the polar cap, as observed by the ESR 32 m dish (panel a), cusp-like density and temperature signatures once again became evident in the ESR 42 m data (panels b and c), and anti-sunward flow reappeared in the ESR 32 m data (panel d) and in the northernmost ranges of the mainland VHF data (panel e). It is interesting to note that there is a short time period around 10:40 UT during which both anti-sunward and sunward flows were observed along the line of sight of the 32 m dish. Such a feature of plasma convection has previously been interpreted as either the signature of reconnection taking place simultaneously poleward and equatorward of the cusp (Pitout et al., 2002) , or just as a transition phase after an IMF rotation (Pitout et al., 2006) .
Around 11:15 UT, the IMF B Z component turned northward once again. The initial period of interval (5) can be compared to the beginning of interval (3) with the apparent persistence of poleward-moving density signatures in panel (a). However the progressively later magnetic local times of these intervals make us wary of interpreting the ESR data in terms of the cusp response to changing IMF conditions, despite the fact that the prevailing positive values of IMF B Y would favour a cusp displaced toward the postnoon sector (Cowley et al., 1992) . We note that the closest predicted magnetic conjugacy between Cluster and the ESR occurred shortly after 11:00 UT (∼14:00 MLT), around the time that the CIS data showed that all of the Cluster spacecraft were passing out into the dayside magnetosheath.
In summary, the observations from the EISCAT VHF radar, and from both dishes of the ESR, showed clear responses to the changes in IMF B Z direction. Some of these responses were delayed, such as the poleward-moving den- sity structures seen by the ESR 32 m dish, whose motion took more than 10 min to become established for B Z south conditions, and equally took a similar time to decay following a northward turning. Some of the responses were complex, for instance the modulation of electron density and temperature in the ESR 42 m data as features expanded and contracted over the radar site.
SuperDARN
The SuperDARN CUTLASS radars at Hankasalmi (Finland) and Pykkvibaer (Iceland East) provide an extremely useful continuous monitor of HF coherent backscatter location, convection velocity and spectral width over the European sector of the polar ionosphere (Greenwald et al., 1995) . The spectral width parameter, in particular, has been identified as an important indicator of the cusp location in a number of previous studies, with high spectral width indicating cusp scatter (e.g. Davies et al., 2002; Woodfield et al., 2002a, b, c) .
In addition, the observations contributed by the other radars of the worldwide SuperDARN network help to constrain the high-latitude convection pattern, whose shape and extent also provide further powerful clues to the location of the cusp. Although very little ionospheric HF scatter was observed by the Hankasalmi radar, the Pykkvibaer (Iceland East) data revealed the cusp location during the period under study. Figure 6 shows the coherent scatter spectral width as a function of magnetic latitude at three fixed magnetic longitudes during the interval of interest, as measured by the Pykkvibaer radar. The values of the three fixed magnetic longitudes are selected to illustrate HF scatter along a magnetic meridian westward of (109 • ), over (114 • ) and eastward of (119 • ) Svalbard. The equatorward boundary of the cusp, indicated by the southern edge of the region of high spectral width (e.g. Yeoman et al., 2002) , is also indicated by dark asterisks in the figure. The latitude of the equatorward cusp boundary is determined along each magnetic meridian by requiring that three adjacent "pixels" in latitude have a spectral width greater than 150 m/s. This avoids the false identification associated with noise. The four vertical lines in Fig. 6 are the same as those in Fig. 5 . The time resolution of the HF radar observations is 1 min.
During interval 1, before 09:00 UT, when B Z was northward, the CUTLASS Pykkvibaer radar detected very little ionospheric backscatter of any kind over Svalbard. In interval 2, after the IMF southward turning, ionospheric scatter with high spectral width became increasingly evident around 75 • magnetic latitude, appearing first at more eastward longitudes. It is likely that this region of high spectral width backscatter corresponded to the cusp. Subsequently during interval 3, from around 09:52 UT when the IMF returned northward, the equatorward boundary of this region of backscatter appeared to retreat poleward. During the following 30 min interval, a smaller region of cusp scatter appeared to be primarily situated at longitudes west of Svalbard, although there is a suggestion that Svalbard remained close to its eastern boundary.
After around 10:24 UT (interval 4) when the IMF had again turned southward, a longitudinally extended region of high spectral width ionospheric backscatter, again indicative of the cusp, was detected by the CUTLASS Pykkvibaer radar, expanding down to ∼73 • magnetic latitude. As in the interval prior to 09:00 UT, when B Z was also northward, the final interval of B Z northward (interval 5) was characterised by a lack of ionospheric scatter.
It is clear from Fig. 6 that the equatorward boundary of the HF radar cusp moved back and forth in latitude in response to the IMF polarity changes. There were minor differences in the form of this variation between the three selected magnetic meridians, likely to be caused by longitudinal displacement of the cusp due to the IMF B Y component. Figure 7 shows observations from two Northern Hemisphere passes of the DMSP spacecraft. The upper panel presents electron and ion energy spectrograms from DMSP F14 during the interval extending from 09:20 to 09:35 UT. Although there is, unfortunately, a data gap from 09:24 to 09:27 UT, the most relevant interval here is that between 09:28 and 09:30 UT when the footprint of the spacecraft was slightly equatorward of the ESR (see Fig. 2 ) under B Z south conditions. The spacecraft encountered the OCB at 11:58 MLT, at ∼73.8 • magnetic latitude, indicated by the appearance of magnetospheric (>1 keV) electrons and the disappearance of magnetosheath-like (<1 keV) electrons (Newell et al., 1988) . A Low-Latitude Boundary Layer-like region was observed poleward of the OCB, inside which both magnetosheath-like and magnetosphere-like ion populations were detected. Notably, magnetosphere-like ions were observed directly poleward of the boundary, suggesting that magnetic reconnection was likely to be ongoing at the section of the OCB intersected by the spacecraft (Lockwood et al., 1995) . DMSP F13 observations of the northern polar regions between 09:40 and 10:00 UT are displayed in the lower panel of Fig. 7 (note the track shown in Fig. 2 ). During this pass, the satellite skimmed the dayside ionosphere close to the magnetic noon meridian, reaching a maximum magnetic latitude of approximately 77.1 • . During the interval from 09:51 to 09:54 UT, F13 crossed a region, poleward of 76 • magnetic latitude, inside which relatively cold (∼100 eV) electron precipitation was observed. We identify this region as the cusp, since it was characterised by a significant flux of 100 eV to 10 keV ions. These ions exhibited typical dispersion, in that the ion average energy increased as latitude decreased. The DMSP F13 spacecraft intersected the ESR 32 m radar beam around 09:52 UT, close to 76.3 • magnetic latitude, around which time the radar was observing polewardmoving plasma structures in the polar cap, which likely originated in the cusp/cleft region due to pulsed magnetic reconnection (Lockwood et al., 1998; Davis et al., 1996) .
DMSP

Discussion
The northward IMF cusp
As shown in Sect. 2.2, Cluster SC1 and SC3 crossed the high-altitude cusp twice before finally exiting into the magnetosheath, both crossings being under northward IMF conditions. Although the following paragraphs refer only to Cluster SC1, the same regions were crossed by Cluster SC3, and the observations from that spacecraft can be interpreted similarly.
During both encounters, the poleward edge of the cusp appeared to be quite sharp, as indicated by the rapid enhancement in plasma density (Fig. 4) . It is interesting to note that the first high-latitude cusp crossing was made by all Cluster spacecraft, whereas the second crossing was missed by SC4. During the first cusp crossing, the ions exhibited behaviour typical of positive IMF B Z , in agreement with the statistical study of Lavraud et al. (2005) . The second cusp crossing, however, appeared to be quite different from the previous one, with rather steady ion fluxes and no evident ion dispersion. Note that the IMF histories leading up to the two cusp crossings were very different: strongly northward IMF persisted for about an hour before SC1 first encountered the cusp, whilst Wind detected around 40 min of steadily southward B Z before a reversal back to IMF north associated with the second cusp crossing. In this section, we will focus on the second cusp crossing and the possible formation mechanism of the cusp at that time.
Prior to the second cusp encounter, between 09:40 and 10:05 UT, Cluster SC1 crossed a region similar in character to the cusp. In this region, a high ion density, exceeding 20 cm −3 , was detected, as well as significant magnetosheathlike ion fluxes with no obvious dispersion. The ion temperature showed no notable variations, however, and the magnetosheath-like electron population was much colder than that observed during the previous cusp encounter, with energies no higher than 100 eV. One has to keep in mind that, at the start of this interval, the IMF was steadily southward before its northward turning at about 09:52 UT.
From 09:50 to 09:54 UT, a typical southward-IMF cusp was observed by DMSP F13 (Fig. 7b) . F13 was located directly equatorward of the magnetic footprint of SC1 at 10:00 UT (Fig. 2) . In other words, the cusp-like region crossed by SC1 during the interval 09:40 to 10:05 UT was adjacent to, and slightly poleward of, the southward-IMF cusp. The CIS ion observations do not exclude the possibility that the region in which SC1 was located could have been a part of the cusp. However, most of the cusp electrons detected by DMSP F13, had mean energies higher than 100 eV (Fig. 7b) , whereas the PEACE instrument on Cluster SC1 detected fluxes of rather colder electrons, with energies generally no higher than 100 eV. Therefore, we identify the region traversed by Cluster SC1 between 09:40 and 10:05 UT as being the poleward boundary layer. Cluster SC1 encountered the northward-IMF cusp for a second time at around 10:05 UT, at a location some 2 R E sunward, along the spacecraft trajectory, of the previous cusp crossing near 09:00 UT. This second encounter with the northward-IMF cusp, unlike the previous one, was characterised by rather steady ion fluxes, with no obvious dispersion. The ion pitch angle distribution revealed no dramatic variations, except for a brief excursion into the magnetosphere around 10:14 UT. The IMF clock angle was small (θ < 10 • ) as the spacecraft entered the cusp, and increased gradually to almost 90 • before its cusp exit.
The top panel of Fig. 8 displays the pitch angle distribution of suprathermal electrons, as a function of time, observed by the RAPID IES instrument on Cluster SC1. Subsequent panels present the energy spectrogram and pitch angle distribution of O + from CODIF on the same spacecraft. One has to bear in mind that the presence of strong fluxes of oxygen ions at the inner boundary of the dayside plasma sheet and the magnetosheath should be treated with some suspicion, as they may be due to "spillover" effects in the ion measurement. Nevertheless, Fig. 8 appears to show bursts of upward-flowing O + ions with energies of several hundred eV during the interval from 09:40 to 10:30 UT. This is the period during which SC1 traversed the poleward boundary layer of the southward-IMF cusp (09:40-10:05 UT) and then made its second encounter with the northward-IMF cusp (10:05-10:30 UT). It is worth reminding the reader that the orientation of the IMF B Z reversed at 09:52 UT, from southward to northward. We interpret these observations as indicating that, throughout the interval from 09:40 to 10:30 UT, SC1 was likely to have been located on field lines opened at a low latitude reconnection site. Before 10:05 UT, these field lines remained open, but after the northward turning, the observations suggest that they were being re-closed by high-latitude reconnection.
During the interval from 09:40 to 10:05 UT, when the IMF B Z was predominantly southward, the field lines sampled by Cluster SC1 did not appear to be closed, since neither magnetospheric ions, or fluxes of high-energy electrons were observed. The ion spectra measured by DMSP F14 from 09:28 to 09:30 UT (Fig. 7a) confirmed that magnetic reconnection was ongoing at low latitude; F13 observations from 09:50 to 09:54 UT (Fig. 7b) suggested that the southward-IMF cusp was located equatorward of the magnetic footprint of Cluster SC1. Highly efficient low latitude reconnection was implied by the strongly anti-sunward ionospheric plasma convection observed by the ESR (Fig. 5d and e) ; the observed ion velocities being up to 1000 m/s. The ESR 32 m radar observed clear poleward-moving plasma structures in the polar cap (Fig. 5a) , consistent with the strongly anti-sunward ionospheric convection. The newly-opened field lines were thus being swept tailward, across the cusp, due to a combination of solar wind and magnetic tension force. This implies that the oxygen ions detected by SC1 were streaming outward from the polar ionosphere, along open field lines.
During the second northward-IMF cusp crossing (10:05-10:30 UT) by SC1 and SC3, poleward-moving structures continued to be observed by the ESR 32 m dish (Fig. 5a ), these being fossil remnants of earlier reconnection events. These "old opened field lines" produced by earlier reconnection events (during the previous interval of southward B Z ), continued to be swept tailward and were then re-closed poleward of the cusp by the lobe reconnection now taking place during the steadily northward IMF. This inference is supported by the presence of trapped (90 • ) high-energy electrons observed by RAPID (Fig. 8) , indicative of a region of closed field lines (Wilken et al., 2001) . Note that fairly large pitch angle bins were required to produce the suprathermal electron pitch angle distribution due to the low fluxes involved, which may have broadened the peak around 90 • . Nonetheless, we can conclude that the O + ions observed during the second high-latitude cusp crossing (under northward B Z conditions) were likely to be out-flowing from the polar ionosphere along a closed field structure (e.g. Fuselier et al., 2001) . It is also interesting to note that these up-flowing O + fluxes, detected on closed field lines, were much more intense than those observed on open field lines at earlier times.
Latitudinal variations of the cusp
The occurrence of a double cusp during strongly duskward/dawnward and weakly southward IMF conditions was predicted by Wing et al. (2001) and, in the same study, their model prediction was confirmed by DMSP observations. Recently, Cluster observations of multiple cusp crossings have been reported, which were interpreted in terms of temporal rather than spatial effects (Zong et al., 2004 (Zong et al., , 2008 . In the present interval, Cluster crossed the high-altitude cusp twice, both times during steadily northward IMF, before exiting into the magnetosheath, while the IMF B Z component reversed in polarity four times during the period of interest. The location of the cusp is strongly influenced by the IMF B Z component, whilst it is also affected by the solar wind dynamic pressure and the IMF B Y component (Newell et al., 1989; Pitout et al., 2006) . The latitudinal motion of the ionospheric footprint of the high-altitude cusp is apparent in observations from groundbased radars, particularly the SuperDARN Pykkvibaer radar (see Fig. 6 ). Based on the combined observations from space-borne and ground-based instruments, we infer that the second cusp crossing of Cluster SC1 and SC3 was primarily due to the latitudinal migration of the cusp governed by the IMF polarity.
The high-altitude poleward and equatorward cusp boundaries crossed by the Cluster spacecraft during this interval are displayed as a function of magnetic latitude and UT in Fig. 9 . The first cusp crossing by Cluster is referred to as "cusp 1" and the second as "cusp 2". The ionospheric footpoints of the high-altitude cusp boundaries were obtained by mapping down along the magnetic field lines of the T96 model. The equatorward boundaries of the cusp, inferred from measurements from DMSP, the 42 m ESR radar and the CUTLASS Pykkvibaer radar, are also presented in the figure. For comparison, the expected latitudinal position of the cusp equatorward boundary from Newell et al. (1989) is superposed in Fig. 9 , based on the lagged B Z component shown in Fig. 3 .
Statistical results (e.g. Newell, 1989; Pitout, 2006) suggest that the cusp location is expected to show equatorward (poleward) displacement during southward (northward) IMF, with an average latitudinal position around 75 • magnetic latitude. The latitudinal variation of the equatorward boundary of the cusp, indicated by the southern edge of the high spectral width region observed by the CUTLASS Pykkvibaer radar, is basically in accordance with that predicted by Newell et al. (1989) . This implies that the cusp is moving equatorward/poleward in response to the IMF polarity changes. The OCB passed over Svalbard twice during this interval -this was well recorded in observations from the ESR 42 m dish: the first OCB crossing (∼09:30 UT) was due to its equatorward motion under IMF south conditions and the second (∼10:06 UT) was due to its poleward retreat after the IMF had reversed northward. The location of the OCBs deduced from the DMSP F13 and F14 observations agrees well with the latitudinal variation of the cusp discussed above. We therefore interpret the two cusp crossings of Cluster in terms of the latitudinal migration of a single cusp region, rather than as evidence for a double cusp. Figure 9 shows that Cluster SC4 crossed the poleward boundary of the first high-altitude cusp at 78.6 • magnetic latitude and exited through its equatorward boundary at around 76.8 • magnetic latitude. Boundary crossings by SC1 and 3 were at higher latitude than those of SC4. Thus, during the first cusp crossing, the ionospheric footprint of the highaltitude cusp is suggested to be located near 78 • magnetic latitude. During the second cusp crossing, Cluster SC1 crossed the poleward boundary of the cusp at 77.2 • magnetic latitude, whilst SC3 exited the cusp, through its equatorward boundary, at 76.3 • magnetic latitude. At this time, Cluster SC4 mapped to a more southerly magnetic location, at ∼74.7 • magnetic latitude. Thus we suggest that, at the time of the second cusp encounter, the cusp region was sufficiently poleward to be crossed by SC1 and 3, but not by SC4. However, we would like to warn that the mapping with Tsyganenko model may not be fully correct, especially in the cusp.
Summary
This paper has presented the results of a comparative study of the variations in cusp location, during an interval characterised by multiple rapid rotations in IMF Bz, based on observations from the EISCAT VHF and ESR radar, the SuperDARN Pykkvibaer radar, Cluster and DMSP. A series of polarity changes of the B Z -dominated IMF provided an excellent opportunity to investigate the response of the magnetosphere-ionosphere system to such conditions, as well as the dynamics in the cusp.
As the IMF B Z component rotated, the cusp was inferred to move back and forth in latitude, in agreement with the predictions of Newell et al. (1989) and Pitout et al. (2006) . Consequently, Cluster SC1 and SC3 crossed the high-altitude cusp twice, both times under strongly northward IMF conditions. The ionospheric response to the series of IMF polarity reversals was well diagnosed by the radars of the EISCAT facility, and the SuperDARN Pykkvibaer HF radar. We conclude that the second Cluster cusp crossing in this case was primarily a result of the latitudinal migration of the cusp in response to prevailing IMF conditions. At this time, the cusp was sufficiently poleward to be crossed by Cluster SC1 and SC3 but not by SC4.
Although both high-altitude cusp crossing occurred during periods of strongly northward IMF, the cusp ion fluxes exhibited quite different features. The first cusp encounter showed reversed ion dispersion, a typical feature of lobe reconnection. The second cusp crossing, however, was characterised by steady ion fluxes with no obvious dispersion. We suggest that, during the second cusp encounter, Cluster SC1 and SC3 were likely to have been located on newly closed field lines, which were first reconnected (opened) at low latitudes and later reconnected again (closed) poleward of the northern cusp.
